Life science has a need for detection methods that are label-free and real-time. In this paper, we have selected staphylococcal protein A (SPA) and swine immunoglobulin G (IgG), and monitor the bindings between SPA and swine IgG with different concentrations, as well as the dissociations of SPA-swine IgG complex in different pH values of phosphate buffer by oblique-incidence reflectivity difference (OIRD) in a label-free and real-time fashion. We obtain the ON and OFF reaction dynamic curves corresponding to the bindings and dissociations of SPA and swine IgG. Through our analysis of the experimental results, we have been able to obtain the damping coefficients and the dissociation time of SPA and swine IgG for different pH values of the phosphate buffer. The results prove that the OIRD technique is a competing method for monitoring the dynamic processes of biomolecule interaction and achieving the quantitative information of reaction kinetics.
Interactions between numerous biomolecules are crucial if they are to carry out biological functions. However, it has always been challenging for the life sciences to obtain a detection method that is labelfree and has a high-throughput. Up until to now, most detection methods have been label-based, [1, 2] in which the extrinsic label would probably impact the biomolecular characteristics and the natural activities. [3, 4] In addition, label-dependent detection methods are mostly used for end-point detection and are not amenable to monitor the dynamic process of biomolecular interactions. [3, 4] Although some label-free detection methods, such as surface plasmon resonance (SPR), [5, 6] have shown an ability to monitor biomolecular interactions in real time, the SPR is limited to be only used in some fields due to the fact that SPR needs a valuable slide that is coated with gold, in addition to which the throughput is not high enough.
Oblique-incidence reflectivity difference (OIRD) is a label-free high-throughput and real-time method for detecting the interactions of biomolecules. [7−10] As mentioned in our previous studies, [9, 10] the OIRD method measures the fractional difference between the reflectivity of the p-and s-polarized lights from a surface under the condition of oblique incidence, i.e., Δ p − Δ s . We have reported the use of the OIRD method to determine the kinetics of antigen-antibody interactions, [10−13] oligonucleotides hybridization, [14] dynamic processes of protein degradation, [15] protein-DNA interactions, [16] DNA hybridization, [17] and protein-protein interactions. [18, 19] This method has been proven to be highly reproducible. [20] In this Letter, we further explore the ability of the OIRD method to monitor the binding and dissociation processes of biomolecules by studying the binding and dissociation feature between staphylococcal protein A (SPA) and swine immunoglobulin G (IgG).
SPA is a surface protein that is originally found in the cell wall of the bacteria staphylococcus aureus. SPA is able to bind IgG, thus it is commonly used in biochemical research for IgG purification, [21] immunoprecipitation (pulling down of protein complexes through target-specific antibodies), and so on. In these applications, SPA is normally immobilized onto a solid support, such as agarose beads, for the ease of washing away non-interacted components and finally collecting samples dissociated from SPA. The dissociation feature of SPA and IgG depends on the pH value of ambience. [22] Generally, IgG binds SPA in neutral ambience and dissociates in a new ambience with an acidic pH value mostly around 4.0. The refined IgG solution is then rapidly neutralized due to the fact that exposure to extreme pH may damage its activity. Study of its dynamic dissociation feature will help to select the optimal pH value under the best purification condition in which IgG activity damage is minimized and its production is maximized.
In this work we have monitored the both bindings between SPA and swine IgG with different concentrations and their dissociations in solutions with different pH values by OIRD in a label-free and real-time fashion. To monitor the entire processes in parallel, five identical fluid cavities were designed based on our previous OIRD device. Every cavity connects individually with one fluid channel, such that the biomolecule interactions in every cavity are independent.
As shown in Fig. 1 , we fabricated the SPA microarrays, including five identical line arrays (marked 1, 2, 3, 4, and 5), using a conventional printing procedure. Each line array includes four duplicated SPA spots and four duplicated Bovine Serum Albumin (BSA) spots as a control. The five line arrays are arranged in a line and positioned in such a way that each fluid cavity contains one line array. The red dashed line with arrows indicates the scanning path of the detection light spot of the OIRD.
To fabricate the SPA microarrays, SPA (Bino Biological Inc.) of 1.0 mg/mL and BSA of 1.0 mg/mL in 1 × phosphate buffered saline (PBS) solution were printed on the epoxy group-functionalized glass slides by a contact printing robot. The resulting SPA and BSA sample spots are circular with an average diameter of ∼100 µm and a center-to-center distance of 300 µm. The prepared SPA microarrays were at 4 ∘ C for 12 h for SPA and BSA molecules to better covalently attach on the epoxy surface. Then, the microarrays were washed by stirring with double distilled water (ddH 2 O) for 5 min to wash away free SPA and BSA molecules. After that, the microarray was mounted on the scanning platform of the OIRD device and the five line arrays in the microarray were sealed in the five fluid cavities individually. The microarray was blocked for 20 min with 0.25 mg/mL BSA solution to quench any exposed free epoxy groups on the microarray surface. Therewith, the BSA solution was drained and the five cavities were filled with ddH 2 O. First, we monitored the binding processes between SPA and swine IgG (20831, KPL Inc. USA) at different concentrations by OIRD. The scanning program of the OIRD was carried out and the scanning light-spot moved repeatedly back and forth along the center line of the sample spots in the five line arrays (marked with the red dash line in Fig. 1) . In this work, we collected the imaginary part signal of OIRD, Im{Δ p − Δ s }. The baseline value of each spot was measured under the condition of the cavities filled with ddH 2 O. Then, 020703-2 the swine IgG solutions at five different concentrations 100, 50, 25, 12.5, and 6.25 µg/mL were pumped into the five cavities in parallel. The reaction and OIRD real-time monitor were sustained for 60 min.
After that, we monitored the dissociation processes of SPA-swine IgG complex in a phosphate buffer solution with different pH values. We selected nine pH values, 4, 5, 6, 7, 8, 9, 10, 11, and 12, and pumped the phosphate buffer into the five cavities with one of the same pH value every time after one of the SPA microarrays reacted with swine IgG. The phosphate buffers, pH=4, 5, 6, 7, 8, and 9, were obtained by mixing disodium hydrogen phosphate (Na 2 HPO 4 ) solution and sodium citrate (C 6 H 5 Na 3 O 7 ·2H 2 O) solution, and pH=10, 11, and 12 were obtained by mixing Na 2 HPO 4 solution and sodium hydroxide (NaOH) solution. The dissociation and OIRD real-time monitor were sustained for 120 min. From Fig. 2 , for the binding processes, it can be seen that the OIRD Im{Δ p − Δ s } intensities of BSA spots are horizontal, indicating that the BSA did not react with swine IgG, and all of the OIRD Im{Δ p − Δ s } signal intensities of SPA spots changed with the reaction time and showed an exponential behavior, meaning that the SPA reacted with swine IgG. The changes of Im{Δ p − Δ s } signal intensities for the various concentrations of swine IgG were different. The higher the swine IgG concentration was, the larger the Im{Δ p − Δ s } signal was, meaning that there was a faster binding velocity for the higher concentration of swine IgG. For the dissociation processes, the change tendencies of Im{Δ p − Δ s } signal intensities for the phosphate buffers with different pH values are tremendously different. In other words, the dissociation velocity of SPA-swine IgG complex is very different for the different pH values of the phosphate buffers. All of the bound swine IgG with the different concentrations was immediately dissociated when the pH value of phosphate buffer is 4 or 12, suggesting that the dissociation time almost does not correlate with the concentration of SPA and swine IgG. The dissociation velocity became slower and slower when the pH value of phosphate buffer gradually approaches 8 from 4 or 12. The dissociation velocities are almost constant for the bound swine IgG with different concentrations, i.e., only a certain percentage of the bound swine IgG could be dissociated, when the pH values of phosphate buffer are in the range of 5-11.
The effect of pH values of phosphate buffer on dissociation is further addressed by Fig. 3 , which displays the dissociation kinetic curves in the phosphate buffer of nine different pH values for the complex of 1 mg/mL SPA and 100 µg/mL swine IgG. The dissociation curves in Fig. 3 for the different pH values of phosphate buffers have different dampings and equilibrium times. We can analyze the biochemistry interactions using the following equation [23] 
where is the OIRD signal at time , 0 is the moment where the dissociation beginning, 0 is the OIRD signal at = 0 , is the dissociation time from 0 to the equilibrium, and ∞ is the extrapolated final OIRD signal. Thus 0 − ∞ (∆ ) is the damping coefficient. As shown in Fig. 3 , although the OIRD signals in all nine curves eventually reach steady values, nearly none return to their baselines, suggesting that not all of the bound swine IgG can be dissociated in these situations. Therefore, the damping coefficient ∆ can be used to qualitatively denote the quantity or production of dissociated swine IgG. The damping coefficient ∆ and the dissociation time (s) of the nine dissociation curves can be obtained by fitting the curves with Eq. (1). The fitting results of ∆ and (s), as well as pH values, are list in Table 1 . The damping coefficient ∆ corresponding to the pH value of 4 or 020703-3 12 is about 12 times larger than that corresponding to the pH value of 8, while the dissociation time (s) for the pH value of 8 is about 500 times larger than that for the pH value of 4 or 12, suggesting that choosing the appropriate pH value of phosphate buffer is very important to effectively purify swine IgG.
In summary, we have monitored the bindings between SPA and swine IgG with different concentrations as well as the dissociations of SPA-swine IgG complex in a phosphate buffer with different pH values by OIRD in a label-free and real-time fashion. The ON and OFF reaction dynamic curves corresponding to the bindings and dissociations have been obtained. The marked differences in damping coefficients and the dissociation times of SPA and swine IgG for nine pH values indicate that choosing an appropriate pH value of phosphate buffer is very important to effectively purify IgG. The results prove that the OIRD technique is a promising method for monitoring the dynamic processes of binding and dissociation of biomolecules.
